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Introduction {#jcc25859-sec-0001}
============

The hydrogen bond (H‐bond) is one of the major factors that build the macromolecular structures of proteins, nucleic acids, and their complexes. In particular, pair‐wise H‐bonds in protein backbones are essential to form their characteristic three‐dimensional (3D) structures based on their ordered secondary structures, α‐helices, and β‐sheets. Therefore, their structural energies should be correctly computed for analyses and predictions of protein 3D structures.

The individual force fields used in classical molecular dynamics (MD) simulations show particular preferences to produce α‐helices and β‐sheets.[1](#jcc25859-bib-0001){ref-type="ref"}, [2](#jcc25859-bib-0002){ref-type="ref"}, [3](#jcc25859-bib-0003){ref-type="ref"} This phenomenon is usually not a problem for simulations of rigid globular protein structures, but it becomes a critical issue for folding simulations of flexible disordered regions[4](#jcc25859-bib-0004){ref-type="ref"}, [5](#jcc25859-bib-0005){ref-type="ref"} and long loops between secondary structures,[6](#jcc25859-bib-0006){ref-type="ref"}, [7](#jcc25859-bib-0007){ref-type="ref"} to understand the functionally important conformational changes that occur as allosteric effects or induced folding upon ligand binding.[4](#jcc25859-bib-0004){ref-type="ref"}, [5](#jcc25859-bib-0005){ref-type="ref"}, [6](#jcc25859-bib-0006){ref-type="ref"}, [7](#jcc25859-bib-0007){ref-type="ref"} Many attempts have been made to overcome this problem, by improving or rearranging the torsion energies,[8](#jcc25859-bib-0008){ref-type="ref"}, [9](#jcc25859-bib-0009){ref-type="ref"}, [10](#jcc25859-bib-0010){ref-type="ref"}, [11](#jcc25859-bib-0011){ref-type="ref"} and by developing polarized charge models.[12](#jcc25859-bib-0012){ref-type="ref"}, [13](#jcc25859-bib-0013){ref-type="ref"} However, these preferences have remained unclear, because their actual origins are unknown.

In our previous study,[14](#jcc25859-bib-0014){ref-type="ref"} we computed the conformation energies of the secondary structures formed by peptide fragments, using several quantum chemical (QM) methods: the Hartree--Fock (HF) method, the second‐order Møller--Plesset perturbation theory (MP2), and the density functional theory (DFT). Consequently, we found that a high‐quality DFT method including van der Waals interactions, B97D/6‐31+G(d), was comparable to the MP2 method, which is reliable but time‐consuming, for the Ace--(Ala)~*n*~--Nme system *in vacuo*.[14](#jcc25859-bib-0014){ref-type="ref"} Using this DFT method, the energies of parallel and anti‐parallel β‐sheets can be approximated more or less by the classical force fields, AMBER ff99SB,[15](#jcc25859-bib-0015){ref-type="ref"} but those of the α‐helical structures are significantly different. The differences were suggested to originate from the electrostatic energies associated with the H‐bonds.[14](#jcc25859-bib-0014){ref-type="ref"}

In this article, by using the molecular tailoring approach (MTA)[16](#jcc25859-bib-0016){ref-type="ref"} with the DFT B97D/6‐31+G(d) method, we dissected the individual interaction energy associated with each H‐bond, to form typical α‐helix backbones with different lengths. To analyze the origin of the H‐bond interaction energy in an α‐helix, we designed additional simplified models: a minimal H‐bond (MH) model, composed of only the atoms forming a single H‐bond, and a single‐turn (ST) model, composed of three successive alanine residues, (Ala)~3~, in the α‐helix capped by acetyl and *N*‐methyl groups at the N‐ and C‐termini, respectively. For those models, the individual H‐bond energies were also computed by using MTA with the same DFT method, and the differences in the H‐bond energies and the electronic structures among the complete α‐helix and several models were analyzed. Finally, we discuss the putative reason underlying the secondary structure preferences in the classical force fields used in molecular mechanical (MM) calculations.

Materials and Methods {#jcc25859-sec-0002}
=====================

α‐Helical structure, single turn, and minimal H‐bond models {#jcc25859-sec-0003}
-----------------------------------------------------------

The α‐helix models were first constructed by using 3‐ to 8‐mer poly‐alanine amino acids capped with an acetyl group (Ace) and an *N*‐methyl amide group (Nme), denoted as Ace‐(Ala)~*n*~‐Nme, with the uniform (*φ*, *ψ*, *ω*) backbone angles for each residue: *φ* = −57°, *ψ* = −47°, and *ω* = 180°. Here, *n* is from 3 to 8. Each structure was optimized *in vacuo* by energy minimization of the electronic state, while maintaining the backbone angles as mentioned below.

There are one to (*n*--2) backbone hydrogen‐bonds (H‐bonds) in the optimized Ace‐(Ala)~*n*~‐Nme (3 *n* 8) α‐helical structures, which are denoted here as "AH models," between the backbone carbonyl group (─C=O) and the amide group (─NH) from the N‐ to C‐terminus. They are denoted as AH*n*‐1 to AH*n*‐(*n*--2), respectively (Fig. [1](#jcc25859-fig-0001){ref-type="fig"}A), and their H‐bond energies were individually computed by using MTA with the DFT method.

![(A) The optimized α‐helical structure for *n* = 8, α‐helical structure (AH) model, (B) a minimal Hbond (MH) model, and (C) a single‐turn (ST) model. In all the models, the N‐termini are capped by an acetyl group, Ace, and the C‐termini are capped by an *N*‐methyl group, Nme. Here, the target is the second H‐bond (8‐2), as indicated by the purple dotted lines. The models are shown by thick sticks with CPK colors, and the thin green lines are the original Ace‐(Ala)~8~‐Nme structures. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](JCC-40-2043-g001){#jcc25859-fig-0001}

To analyze the origin of the H‐bond interaction energy in the α‐helix, we designed a minimal H‐bond model (MH model), which is composed of two separated *N*‐methylacetamide molecules, mimicking a single H‐bond between the *i*‐th and (*i*+4)‐th residues (Fig. [1](#jcc25859-fig-0001){ref-type="fig"}B). In addition, we designed a ST model, which is composed of three successive alanine residues, (Ala)~3~, in the α‐helix capped by acetyl and *N*‐methyl groups at the N‐ and C‐termini, respectively (Fig. [1](#jcc25859-fig-0001){ref-type="fig"}C). The atom positions in the MH and ST models were the same as those in the corresponding AH models, except for the N‐ and C‐terminal capping groups. For two models, the individual H‐bond energies were computed by using MTA with the DFT method, in the same manner as for the AH models, and the energy differences among the H‐bonds in those models were analyzed.

Theoretical calculations {#jcc25859-sec-0004}
------------------------

All calculations including the structure optimization were performed on the above atomic models with the Gaussian09 program package[17](#jcc25859-bib-0017){ref-type="ref"} with the DFT B97D/6‐31+G(d) method, which can correctly reflect the van der Waals interactions, and this method was confirmed to be comparable to the MP2 method for the Ace--(Ala)~*n*~--Nme system *in vacuo*.[14](#jcc25859-bib-0014){ref-type="ref"}

It is not straightforward to extract the H‐bond energy as a part of a large molecule, where the donor and acceptor atoms are linked through several covalent bonds. In fact, 12 covalent bonds link the acceptor atom, O, and the donor atom, H, in the backbone α‐helical H‐bond between the *i*‐th and (*i*+4)‐th amino‐acid residues. Namely, the backbone α‐helical H‐bond is not a simple, additive pair‐wise interaction, because it includes many‐body effects with nonadditive natures.

For that purpose, we employed the MTA developed by Deshmukh and Gadre, who showed that it is possible to estimate the intramolecular backbone H‐bond energies of 3~10~‐helices in several model polypeptides.[16](#jcc25859-bib-0016){ref-type="ref"} Here, we used MTA to systematically compute the backbone H‐bond energies in several α‐helical peptide models.

The total energy of Ace‐(Ala)~*n*~‐Nme is approximated by dividing‐and‐conquering the energies of the fragments by MTA, using the following equation:$$E_{MTA} = \sum\limits_{a = 1}^{n + 1}E\left( F_{a} \right) - \sum\limits_{({a,b})}E\left( F_{\mathit{ab}} \right) + \sum\limits_{({a,b,c})}E\left( F_{\mathit{abc}} \right) - \sum\limits_{({a,b,c,d})}E\left( F_{\textit{abcd}} \right) + \cdots$$

In eq. [1](#jcc25859-disp-0001){ref-type="disp-formula"}, each sum was taken for the possible combinations for (*a*, *b*, ...), where 1 *≤ a, b, ... ≤* (*n* + 1). An example (*n* = 3) of the fragment models is shown in the Supporting Information Figure [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"}. The total energies of the systems are well approximated by the combinations of all possible fragments, as described below, and thus we computed the energy of the entire system (*G* ~0~ in Fig. [2](#jcc25859-fig-0002){ref-type="fig"}), instead of the combination in the original MTA method.[16](#jcc25859-bib-0016){ref-type="ref"} We also computed the energy of a peptide fragment lacking the acceptor group (*G* ~1~), the energy of a fragment lacking the donor group (*G* ~2~), and the energy of a fragment lacking both the acceptor and donor groups (*G* ~12~), as shown in Figure [2](#jcc25859-fig-0002){ref-type="fig"}. The H‐bond energy, *E* ~HB~, and the electron density change upon H‐bond formation, Δ*ρ* ~MTA~, were estimated as follows:$$E_{HB} = E\left( G_{0} \right)–E\left( G_{1} \right)–E\left( G_{2} \right) + E\left( G_{12} \right)$$ $$\Delta\rho_{MTA} = \rho\left( G_{0} \right)–\rho\left( G_{1} \right)–\rho\left( G_{2} \right) + \rho\left( G_{12} \right)$$

![The fragment structures for MTA computations for (A) the AH model, (B) the MH model, and (C) the ST model. The models are defined in Figure [1](#jcc25859-fig-0001){ref-type="fig"}. In each picture, from the left to right, *G* ~0~, *G* ~1~, *G* ~2~, and *G* ~12~ are shown by thick sticks with CPK colors. The target here is the second H‐bond, as indicated by the purple dotted lines. The thin green lines are the original Ace‐(Ala)~8~‐Nme structure. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](JCC-40-2043-g002){#jcc25859-fig-0002}

We also calculated the stabilization energy (SE) in eq. [4](#jcc25859-disp-0004){ref-type="disp-formula"}, which we introduced in our previous paper,[14](#jcc25859-bib-0014){ref-type="ref"} by using the same DFT B97D/6‐31+G(d) method:$$\Delta{E_{SE}}^{\text{total}} = {E_{MH}}^{N\& C}–\left( {{E_{MH}}^{N} + {E_{MH}}^{C}} \right)$$where *E* ~MH~ ^N&C^ is the total energy of the MH model with both the N‐ and C‐terminal *N*‐methylacetamide molecules (Fig. [1](#jcc25859-fig-0001){ref-type="fig"}B). *E* ~MH~ ^N^ and *E* ~MH~ ^C^ are the total energies of the two separated *N*‐methylacetamide molecules at the N‐ and C‐termini, respectively. Namely, Δ*E* ~SE~ ^total^ is the energy difference between the total energy of the MH model with the α‐helical H‐bond and that where the H‐bond acceptor and the donor are separated infinitely. All the SE values were corrected for the basis set superposition error (BSSE) by the counterpoise method of Boys and Bernardi.[18](#jcc25859-bib-0018){ref-type="ref"} The ordinary electron density change upon H‐bond formation, Δ*ρ* ~SE~, was computed as follows:$$\Delta\rho_{SE} = \rho\left( {MH}^{N\& C} \right)–\rho\left( {MH}^{N} \right)–\rho\left( {MH}^{C} \right)$$

As references, we also computed the MM interaction energies for the corresponding H‐bond interactions, using the following equation [6](#jcc25859-disp-0006){ref-type="disp-formula"},$$E_{MM} = \sum\limits_{\mathit{ij}}\frac{q_{i}q_{j}}{r_{\mathit{ij}}} + \sum\limits_{\mathit{ij}}\left( {\frac{A_{\mathit{ij}}}{r_{\mathit{ij}}^{12}} - \frac{B_{\mathit{ij}}}{r_{\mathit{ij}}^{6}}} \right)$$where *i* and *j* are four atoms attributed to peptides *I* and *J*, respectively: {C, O, N, and H}. *A* ~*ij*~ and *B* ~*ij*~ are the Lennard‐Jones coefficients, *r* ~*ij*~ is the distance between *i*‐th and *j*‐th atoms, and *q* ~*i*~ is the atomic partial charge of the *i*‐th atom. Here, AMBER ff99SB force‐field parameters[15](#jcc25859-bib-0015){ref-type="ref"} were used.

Electron density changes were computed using the cube files in the Gaussian09 program package,[17](#jcc25859-bib-0017){ref-type="ref"} and the figures of the molecules with the electron density changes were produced by UCSF Chimera.[19](#jcc25859-bib-0019){ref-type="ref"}

Results {#jcc25859-sec-0005}
=======

H‐bond energies in α‐helices {#jcc25859-sec-0006}
----------------------------

The total energies of Ace‐(Ala)~*n*~‐Nme estimated by MTA (*E* ~MTA~), computed by eq. [1](#jcc25859-disp-0001){ref-type="disp-formula"}, coincided well with the ordinary total energies *E*(*F* ~0~) of the complete AH models. In fact, the differences in the values calculated by *E*(*F* ~0~) and MTA, *E* ~MTA~ -- *E*(*F* ~0~), are indicated in Table [1](#jcc25859-tbl-0001){ref-type="table"}, and all of them were \<0.09 kcal/mol, representing about 0.00001% of the total energies. These differences are similar to that obtained in the previous study of the 3~10~‐helix, where the difference was 0.11 kcal/mol.[16](#jcc25859-bib-0016){ref-type="ref"}

###### 

Total energies by the original DFT computation, *E*(*F* ~0~), and the MTA method (*E* ~MTA~) for the AH3, 4, 5, 6, 7, and 8 structures, corresponding to Ace‐(Ala)~*n*~‐Nme with *n* from 3 to 8. The differences are also shown.

  Structure   *E*(*F* ~0~)[a](#jcc25859-note-0001){ref-type="fn"}   *E* ~MTA~ [a](#jcc25859-note-0001){ref-type="fn"}   *E* ~MTA~ -- *E*(*F* ~*0*~)[a](#jcc25859-note-0001){ref-type="fn"}
  ----------- ----------------------------------------------------- --------------------------------------------------- --------------------------------------------------------------------
  AH3         −621168.249                                           −621168.157                                         0.092
  AH4         −776275.937                                           −776275.930                                         0.007
  AH5         −931384.468                                           −931384.465                                         0.003
  AH6         −1086493.526                                          −1086493.487                                        0.040
  AH7         −1241602.973                                          −1241602.883                                        0.090
  AH8         −1396712.819                                          −1396712.860                                        −0.041

*E*(*F* ~0~), *E* ~MTA~, and *E* ~MTA~ -- *E*(*F* ~0~) are shown in kcal/mol.

In Figure [3](#jcc25859-fig-0003){ref-type="fig"}A, the H‐bond energies between the backbone donors and acceptors are plotted for individual pairs for the models AH3 to AH8, depending on the distance between the donors and the acceptors for the AH models, ST models, and MH models by the MTA method, and the classical H‐bond energies given by the MM calculation. The colors indicate the α‐helical structures (Ace‐(Ala)~*n*~‐Nme) with different lengths (3 *≤ n ≤* 8), as indicated in the caption of Figure [3](#jcc25859-fig-0003){ref-type="fig"}. The structural variations were caused by the energy minimization procedures for the entire α‐helical conformations, as mentioned in the Methods section. The actual energy values are summarized in Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"} in the Supporting Information. During the energy minimization procedure, the distance between O atom of C=O at *i*‐th residue and H atom of HN at (*i*+4)‐th residue became longer than 1.98 Å in the initial structure, and this structure modification was slightly shorter in the longer α‐helices.

![H‐bond energy between the backbone donor and acceptor for each pair depending on (A) the distance between the O atom of the acceptor group, C=O, in the *i*‐th residue, and the H atom of the donor group, NH, in the (*i*+4)‐th residue, and on (B) the angle between the two vectors of C to O of the C=O and N to H of the NH. The resultant H‐bond energies by the AH, ST, MH, and MM models are indicated with filled stars, filled circles, filled diamonds, and ex symbols, respectively. The open symbols and thin marks are the values for the most N‐terminal H‐bond pairs. Others are shown by the filled symbols and thick marks. The symbol colors, orange, green, purple, pastel blue, red, and black, are for the structures of AH3, AH4, AH5, AH6, AH7, and AH8, respectively. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](JCC-40-2043-g003){#jcc25859-fig-0003}

As shown in Figure [3](#jcc25859-fig-0003){ref-type="fig"}A and in the Supporting Information Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"}, the N‐terminal helical turns were largely deformed from the initial conformations providing different H‐bond lengths during the energy minimization procedure. Moreover, the angle between the two vectors of the carbon atom to the oxygen of the carbonyl group of the *i*‐th residue and the nitrogen to the hydrogen of the amide group of the (*i*+4)‐th residue was also deformed from the initial value at the N‐terminus, as shown by the open and thin symbols in Figure [3](#jcc25859-fig-0003){ref-type="fig"}B. Those vector pairs formed angles larger than 170°, and most of them were close to 180°. At the third H‐bond, this angle was slightly smaller, by about 5°, than those of many other typical vector pairs, which were about 168° (Fig. [3](#jcc25859-fig-0003){ref-type="fig"}B).

Here, the H‐bond energies in all of the models correlated well. In fact, when the H‐bond energies calculated by the MTA method for the AH and ST models are plotted against those for the MH model, the H‐bond energies calculated for the AH and ST models strongly correlated with that for the MH model, as shown in Figure [4](#jcc25859-fig-0004){ref-type="fig"}, with Pearson\'s correlation coefficients of 0.885 and 0.987, respectively.

![Correlations of the H‐bond energies in the AH model (filled star), the ST model (filled circle), the MM model (ex symbol), and the stabilization energy (SEs: filled square) against those by the MH model. The meanings of the filled and open symbols with different colors are the same as those in the caption of Figure [3](#jcc25859-fig-0003){ref-type="fig"}. The dashed line shows a guide where the longitudinal axis values have the same H‐bond energies by the MH models. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](JCC-40-2043-g004){#jcc25859-fig-0004}

The MM values have also a high correlation coefficient, 0.975, with the MH model, and even the absolute MM values are very close to the H‐bond energies calculated by the MH models. In contrast, the H‐bond energies obtained by both the AH and ST models remarkably deviated from those calculated by the MH models.

The reaction field due to high‐dielectric water generally tends to shield the electrostatic interactions. In order to examine the actual shielding effect to the H‐bonds in α‐helix by water, the polarizing continuum method (PCM) with the high dielectric constant (*ε* = 78.3553) was simply applied to the MTA method using the same DFT function by Gaussian09.[20](#jcc25859-bib-0020){ref-type="ref"} As shown in the Supporting Information Table [S4](#jcc25859-supitem-0001){ref-type="supplementary-material"} and Figure [S6](#jcc25859-supitem-0001){ref-type="supplementary-material"}, the H‐bond energies became about 1 kcal/mol weaker than those *in vacuo* for the current α‐helical structures.

SEs in MH models {#jcc25859-sec-0007}
----------------

The SE values defined in eq. [4](#jcc25859-disp-0004){ref-type="disp-formula"} for the MH models, Δ*E* ~SE~ ^total^, are also plotted in Figure [4](#jcc25859-fig-0004){ref-type="fig"}, and the actual values are provided in Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"}. The SE values correlated very well with the corresponding H‐bond energies in the MH models, with a Pearson\'s correlation coefficient of 0.995. The SE values were 0.93 kcal/mol lower than the corresponding H‐bond energies in the MH models except for the N‐termini, where the N‐terminal backbone structures were largely deformed and their SE values were 0.86 kcal/mol lower than the H‐bond energies in the MH models.

Electronic structures around the H‐bond donors and acceptors {#jcc25859-sec-0008}
------------------------------------------------------------

In addition to the H‐bond energies, the MTA method can approximate the electronic structures around the H‐bond donors and acceptors in α‐helices. In fact, the ordinary electron density change upon H‐bond formation, Δ*ρ* ~SE~, for the first H‐bonding donor and acceptor groups (8--1) of the α‐helical alanine octamer, Ace‐(Ala)~8~‐Nme, was provided by eq. [5](#jcc25859-disp-0005){ref-type="disp-formula"}, and it is shown in Figure [5](#jcc25859-fig-0005){ref-type="fig"}A. The corresponding electron density changes for the AH, MH, and ST models, Δ*ρ* ~MTA~, computed by eq. [3](#jcc25859-disp-0003){ref-type="disp-formula"}, are also shown in Figures [5](#jcc25859-fig-0005){ref-type="fig"}B--[5](#jcc25859-fig-0005){ref-type="fig"}D, respectively. Here, yellow and magenta colors show the negative and positive contour surfaces, respectively. It is obvious that the Δ*ρ* ~MTA~ values are all similar to the Δ*ρ* ~SE~ values, where the electron density increases around the oxygen atom of the carbonyl (C=O) group at the *i*‐th residue and decreases around the hydrogen atom of the amide (N─H) group at the (*i*+4)‐th residue. For the other structures from (8--2) to (8--6), the Δ*ρ* ~MTA~ values of the AH models are shown in the Supporting Information Figures [S2A‐S2E](#jcc25859-supitem-0001){ref-type="supplementary-material"}.

![(A) The electron density change upon H‐bond formation, Δ*ρ* ~SE~, for the α‐helix AH8‐1 structure provided by eq. (5). The corresponding electron density changes,Δ*ρ* ~MTA~, computed by eq. (3) for the (B) AH, (C) MH, and (D) ST models. The yellow surface is the contour surface at --0.001 au, and the magenta one is that at 0.001 au. (E) The difference in the electron density change between the AH and MH models ΔΔ*ρ* ~MTA~ ^AH--MH^ by eq. (7), and (F) that between the ST and MH models ΔΔ*ρ* ~MTA~ ^ST--MH^ by eq. (8). The green surface is the contour surface at --0.0002 au, and the orange one is that at 0.0002 au. The atoms in the MH model are shown by stick models with CPK colors, and the other atoms in the AH and ST models are shown by open green sticks. The black dotted line is the H‐bond between the oxygen atom of the C=O group at the *i*‐th residue and the hydrogen atom of the N‐H group at the (*i*+4)‐th residue. \[Color figure can be viewed at [wileyonlinelibrary.com](http://wileyonlinelibrary.com)\]](JCC-40-2043-g005){#jcc25859-fig-0005}

The differences in the electron density changes between the AH and MH models and those between the ST and MH models were further computed, respectively:$${\Delta\Delta}{\rho_{MTA}}^{{AH} - {MH}} = \Delta{\rho_{MTA}}^{AH}–\Delta{\rho_{MTA}}^{MH}$$ $${\Delta\Delta}{\rho_{MTA}}^{{ST}–{MH}} = \Delta{\rho_{MTA}}^{ST}–\Delta{\rho_{MTA}}^{MH}$$

In Figures [5](#jcc25859-fig-0005){ref-type="fig"}E and [5](#jcc25859-fig-0005){ref-type="fig"}F, the ΔΔ*ρ* ~MTA~ ^AH--MH^ and ΔΔ*ρ* ~MTA~ ^ST--MH^ values for the first α‐helical turn (8--1) are shown between the AH and MH models and between the ST and MH models, respectively. Here, green and orange colors show the negative and positive contour surfaces, respectively. The electron density near the oxygen atom of the C=O group at the *i*‐th residue decreased in both the AH and ST models, as compared with that in the MH model. In contrast, the electron density near the hydrogen atom of the N─H group at the (*i*+4)‐th residue increased in the AH and ST models, as compared with that in the MH model. The differences in the electron density changes upon H‐bond formation for the AH and ST models, ΔΔ*ρ* ~MTA~ ^AH--MH^ and ΔΔ*ρ* ~MTA~ ^ST--MH^, in all structures from 8--2 to 8--6 are shown in the Supporting Information Figures [S3](#jcc25859-supitem-0001){ref-type="supplementary-material"} and [S4](#jcc25859-supitem-0001){ref-type="supplementary-material"}, respectively.

Discussion {#jcc25859-sec-0009}
==========

H‐bond energies by the MTA method {#jcc25859-sec-0010}
---------------------------------

The energies of Ace‐(Ala)~*n*~‐Nme provided by the MTA method are approximated values. However, as shown in Table [1](#jcc25859-tbl-0001){ref-type="table"}, the differences in the values between the ordinary total energies for the complete *F* ~0~ and those obtained by MTA, *E* ~MTA~ -- *E*(*F* ~0~), are very small. They are also small even in comparison to the H‐bond energies, which are about −3 to --4 kcal/mol in this study. Thus, the H‐bond energies estimated by the current MTA method should be quantitatively reliable, with about 3% errors, for discussing the H‐bond interactions in α‐helices.

The accuracy of the MTA method largely relies on the borders separating molecular segments. Historically, this issue was recognized as the "nearsightedness of electronic matter (NEM)"[21](#jcc25859-bib-0021){ref-type="ref"} to divide‐and‐conquer large molecular systems in general. Using the theoretical computations on the basis of the linear response function, the sp^3^ junction was the most suitable location for partitioning peptide systems.[22](#jcc25859-bib-0022){ref-type="ref"}, [23](#jcc25859-bib-0023){ref-type="ref"} In the current MTA procedures, all the fragmentations followed the sp^3^ junction mechanism to block the propagation of the electron density deviation.

In the MH models where the two peptide groups for hydrogen donors and acceptors are separated without any covalent bonds, the H‐bond energies should directly correspond to the SEs including the BSSE corrections.[18](#jcc25859-bib-0018){ref-type="ref"} In fact, an almost perfect correlation appeared between the H‐bond energies and the SEs, as shown in Figure [4](#jcc25859-fig-0004){ref-type="fig"} and in the Supporting Information Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"}, and the differences were always the same, 0.93 kcal/mol, except for the N‐termini where the backbone structures were largely deformed during the energy optimization procedures. Those differences are due to other interactions among the methyl groups that capped the N‐ and C‐terminal peptide groups than the H‐bond energies given by the current MTA analysis using the MH models. In addition, as shown in Figures [5](#jcc25859-fig-0005){ref-type="fig"}A and [5](#jcc25859-fig-0005){ref-type="fig"}C, the change in the electron density upon H‐bond formation, Δ*ρ* ~SE~ in eq. [5](#jcc25859-disp-0005){ref-type="disp-formula"}, is also well approximated by Δ*ρ* ~MTA~ ^MH^ in eq. [3](#jcc25859-disp-0003){ref-type="disp-formula"}.

Thus, the current MTA method provides good approximations of the H‐bond energies and electronic structures in MH models, and so it is expected to give a reliable analysis for the H‐bond interactions of the AH and ST models as well, as shown in Figures [5](#jcc25859-fig-0005){ref-type="fig"}B and [5](#jcc25859-fig-0005){ref-type="fig"}D. Morozov et al.[24](#jcc25859-bib-0024){ref-type="ref"} reported a similar approach to analyze the cooperativity of α‐helix formation by using separated α‐helical peptide fragments. In particular, their model including the short‐range contribution was, in principle, designed to compute the dimerization energies using the SEs. Namely, their short‐range interactions did not correctly account for the nonadditive many‐body interactions and ignored the effects of the α‐helical backbone atoms linking the H‐bond acceptor and donor.

Analysis of the electronic structures {#jcc25859-sec-0011}
-------------------------------------

It is clear from Figure [4](#jcc25859-fig-0004){ref-type="fig"} and from the Supporting Information Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"} that the H‐bond energies for the AH models have similar values to those for the ST models, although the former ones tend to be slightly weaker than the latter ones. In contrast, the H‐bond energies in the AH and ST models significantly deviated from those in the MH models, although the Pearson\'s correlation coefficients were very high. As shown in Figures [5](#jcc25859-fig-0005){ref-type="fig"}E and [5](#jcc25859-fig-0005){ref-type="fig"}Fand in the Supporting Information Figures [S3 and S4](#jcc25859-supitem-0001){ref-type="supplementary-material"}, the electronic structures around the H‐bonds in the AH and ST models distinctively deviated from those in the MH models, with the depolarization of the hydrogen donor and acceptor groups.

Thus, the phenomenon should be caused by the precise electronic structures in the ST and AH models. In order to analyze the origin of this phenomenon, we focused on the six model structures of AH8‐1 to AH8‐6. We found that the distances between the oxygen atoms in the carbonyl group of the *i*‐th and (*i*+1)‐th residues in the six H‐bond pairs are short, 3.5100.144 Å. In addition, those between the hydrogen atoms in the amide group of the (*i*+3)‐th and (*i*+4)‐th residues are also short, 2.6760.038 Å. These short distances suggest that the carbonyl oxygen of the *i*‐th residue has less electron density, and the amide hydrogen of (*i*+4)‐th residue has more electron density, as revealed in Figures [5](#jcc25859-fig-0005){ref-type="fig"}E and [5](#jcc25859-fig-0005){ref-type="fig"}F.

By applying the Hirshfeld population analysis,[25](#jcc25859-bib-0025){ref-type="ref"}, [26](#jcc25859-bib-0026){ref-type="ref"}, [27](#jcc25859-bib-0027){ref-type="ref"} the electronic structures in the six ST models were analyzed around the carbonyl oxygen of the *i*‐th residue and the amide hydrogen of the (*i*+4)‐th residue, in comparison to those in the MH models, in which no neighboring carbonyl (C=O) or amide (NH) groups exist. As shown in the Supporting Information Table [S2C](#jcc25859-supitem-0001){ref-type="supplementary-material"}, for the *G* ~2~ fragment of the ST model (Fig. [2](#jcc25859-fig-0002){ref-type="fig"}C), which lacked the H‐bond donor group at the (*i*+4)‐th residue but included the effect of the C=O group of the (*i*+1)‐th residue, the Hirshfeld atomic charge of the carbonyl oxygen of the *i*‐th residue was 0.0303e0.0036e larger than that in the MH model. The contribution of the amide hydrogen of the (*i*+4)‐th residue for the *G* ~1~ fragment of the ST model, which lacked the H‐bond acceptor group at the *i*‐th residue but included the effect of the amide group of the (*i*+3)‐th residue, was 0.0154e0.0010e less than that in the MH model. Similar Hirshfeld charge changes were also observed for the entire *G* ~0~ systems, where H‐bonds are formed between the C=O group of the *i*‐th residue and the NH group of the (*i*+4)‐th residue, as shown in the Supporting Information Table [S2A](#jcc25859-supitem-0001){ref-type="supplementary-material"}.

These depolarization effects also correlate with the local dipole moments. The local inter‐atomic dipole moment for a system composed of *N* charges {*q* ~*k*~ \| *k* = 1, ..., *N*} is described by eq. [9](#jcc25859-disp-0009){ref-type="disp-formula"} $$\overset{\rightarrow}{\mu} = \sum\limits_{k = 1}^{N}\left( {q_{k} - < q >} \right)\left( {{\overset{\rightarrow}{r}}_{k} - < \overset{\rightarrow}{r} >} \right),$$where \<*q* \> is the average of the Hirshfeld atomic charges and $< \overset{\rightarrow}{r} >$ is their center position. For the C=O group of the *i*‐th residue and the NH group of the (*i*+4)‐th residue, the local dipole moments become simple, as shown in eqs. [10](#jcc25859-disp-0010){ref-type="disp-formula"}, [11](#jcc25859-disp-0011){ref-type="disp-formula"}:$${\overset{\rightarrow}{\mu}}_{CO}^{k} = \frac{1}{2}\left( {q_{C}^{k} - q_{O}^{k}} \right)\left( {{\overset{\rightarrow}{r}}_{C}^{k} - {\overset{\rightarrow}{r}}_{O}^{k}} \right)$$ $${\overset{\rightarrow}{\mu}}_{HN}^{k} = \frac{1}{2}\left( {q_{H}^{k} - q_{N}^{k}} \right)\left( {{\overset{\rightarrow}{r}}_{H}^{k} - {\overset{\rightarrow}{r}}_{N}^{k}} \right)$$

Here, *q* ^*k*^ ~C~ and *q* ^*k*^ ~O~ are the Hirshfeld atomic charges of the C and O atoms in the C=O group of the *k*‐th residue, and *q* ^*k*^ ~H~ and *q* ^*k*^ ~N~ are those of the NH group of the *k*‐th residue, respectively. ${\overset{\rightarrow}{r}}_{X}^{k}$ is the position vector of the corresponding atom *X* of the *k*‐th residue. Hereafter, only the absolute values, $\mu_{CO}^{k} = \mid {\overset{\rightarrow}{\mu}}_{CO}^{k}$\| and $\mu_{HN}^{k} = \mid {\overset{\rightarrow}{\mu}}_{HN}^{k}$\|, are used for the following discussion.

Due to the closely located electric dipole *μ* ^*i*+1^ ~CO~ at the (*i*+1)‐th residue to *μ* ^*i*^ ~CO~ at the *i*‐th residue in the parallel direction, when an α‐helical conformation is formed, the dipole moments should decrease by their repulsive interaction. In the same way, due to the closely located electric dipole *μ* ^*i*+3^ ~HN~ at the (*i*+3)‐th residue to *μ* ^*i*+4^ ~HN~ at the (*i*+4)‐th residue in the parallel direction in an α‐helix, those dipole moments should also decrease. From the Hirshfeld population analysis, as shown in Table [2](#jcc25859-tbl-0002){ref-type="table"}B, the average ratio of *μ* ^*i*^ ~CO~ in the ST model to that in the MH model was 0.9380.002, and the average ratio of *μ* ^*i*+4^ ~HN~ in the ST model to that in the MH model was 0.90.002, when the H‐bonds were not formed between the C=O group of the *i*‐th residue and the NH group of the (*i*+4)‐th residue. As shown in Table [2](#jcc25859-tbl-0002){ref-type="table"}A, when H‐bonds were formed between the C=O group of the *i*‐th residue and the NH group of the (*i*+4)‐th residue, the average ratio of *μ* ^*i*^ ~CO~ in the ST model to that in the MH model was 0.9440.002, and the average ratio of *μ* ^*i*+4^ ~HN~ in the ST model to that in the MH model was 0.9460.003. Namely, these dipole moments were reduced by about 5--6 and 5--8%, respectively, depending on the backbone α‐helical conformation. Although such population analyses may include some ambiguities for the absolute values of the atomic charges and dipole moments, these tendencies accurately reflect the changes of the electronic structures shown in Figures [5](#jcc25859-fig-0005){ref-type="fig"}F and in the Supporting Information Figure [S4](#jcc25859-supitem-0001){ref-type="supplementary-material"}, as the depolarization effect.

###### 

Inter‐atomic dipole moments of the carbonyl group (C=O) of the *i*‐th residue and those of the amide group (NH) of the (*i*+4)‐th residue by the Hirshfeld population analysis.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \(A\) ST, AP~N~, AP~C~, and MH models in *G* ~0~ fragments                                                                                                                   
  ------------------------------------------------------------ --------------------------------------------------------- -------- -------- -------- -------- -------- -------- --------
  *μ* ^*i*^ ~CO~ of *i*‐th residue                             ST model                                                   1.3315   1.3055   1.3175   1.3187   1.3205   1.3277   1.3202

  in *G* ~0~ fragment                                          MH model                                                   1.4163   1.3838   1.3913   1.3960   1.3994   1.4043   1.3985

                                                               Ratio (ST/MH)[a](#jcc25859-note-0002){ref-type="fn"}       0.9401   0.9434   0.9470   0.9446   0.9436   0.9455   0.9440

                                                               AP~N~ model                                                  --     1.3569   1.3566   1.3512   1.3594   1.3653   1.3579

                                                               Ratio (AP~N~/MH)[b](#jcc25859-note-0003){ref-type="fn"}      --     0.9806   0.9751   0.9679   0.9714   0.9722   0.9734

  *μ* ^*i*+4^ ~HN~ of (*i*+4)‐th residue\                      ST model                                                   0.5477   0.5356   0.5375   0.5376   0.5426   0.5412   0.5404
  in *G* ~0~ fragment                                                                                                                                                          

  MH model                                                     0.5778                                                     0.5642   0.5704   0.5691   0.5729   0.5740   0.5714  

  Ratio (ST/MH)[c](#jcc25859-note-0004){ref-type="fn"}         0.9479                                                     0.9493   0.9423   0.9446   0.9471   0.9429   0.9457  

  AP~C~ model                                                  0.5691                                                     0.5570   0.5623   0.5611   0.5632     --     0.5625  

  Ratio (AP~C~/MH)[d](#jcc25859-note-0005){ref-type="fn"}      0.9849                                                     0.9872   0.9858   0.9859   0.9831     --     0.9854  
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  \(B\) ST, AP~N~, and MH models in *G* ~2~ fragments and ST, AP~C~, and MH models in *G* ~1~ fragments                                                                                                                   
  ------------------------------------------------------------------------------------------------------- --------------------------------------------------------- -------- -------- -------- -------- -------- -------- --------
  *μ* ^*i*^ ~CO~ of *i*‐th residue                                                                        ST model                                                   1.3404   1.3274   1.3324   1.3349   1.3352   1.3413   1.3353

  in *G* ~2~ fragment                                                                                     MH model                                                   1.4346   1.4166   1.4157   1.4224   1.4235   1.4256   1.4231

                                                                                                          Ratio (ST/MH)[e](#jcc25859-note-0006){ref-type="fn"}       0.9343   0.9370   0.9412   0.9385   0.9380   0.9409   0.9383

                                                                                                          AP~N~ model                                                  --     1.3856   1.3765   1.3729   1.3791   1.3824   1.3793

                                                                                                          Ratio (AP~N~/MH)[f](#jcc25859-note-0007){ref-type="fn"}      --     0.9781   0.9723   0.9652   0.9688   0.9697   0.9708

  *μ* ^*i*+4^ ~HN~ of (*i*+4)‐th residue\                                                                 ST model                                                   0.5801   0.5826   0.5796   0.5797   0.5827   0.5781   0.5805
  in *G* ~1~ fragment                                                                                                                                                                                                     

  MH model                                                                                                0.6333                                                     0.6333   0.6326   0.6329   0.6339   0.6304   0.6327  

  Ratio (ST/MH)[g](#jcc25859-note-0008){ref-type="fn"}                                                    0.9160                                                     0.9199   0.9162   0.9159   0.9192   0.9170   0.9174  

  AP~C~ model                                                                                             0.6189                                                     0.6190   0.6179   0.6180   0.6178     --     0.6183  

  Ratio (AP~C~/MH)[h](#jcc25859-note-0009){ref-type="fn"}                                                 0.9773                                                     0.9774   0.9768   0.9765   0.9746     --     0.9765  
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Ratio of the absolute value of the dipole moment *μ* ^*i*^ ~CO~ of the *i*‐th residue in the ST model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*^ ~CO~ of the *i*‐th residue in the AP~N~ model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*+4^ ~HN~ of the (*i*+4)‐th residue in the ST model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*+4^ ~HN~ of the (*i*+4)‐th residue in the AP~C~ model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*^ ~CO~ of the *i*‐th residue in the ST model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*^ ~CO~ of the *i*‐th residue in the AP~N~ model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*+4^ ~HN~ of the (*i*+4)‐th residue in the ST model versus that in the MH model.

Ratio of the absolute value of the dipole moment *μ* ^*i*+4^ ~HN~ of the (*i*+4)‐th residue in the AP~C~ model versus that in the MH model.

In order to examine the above phenomena, two other models, the HT~N~ (N‐terminal half‐turn) and HT~C~ (C‐terminal half‐turn) models, were constructed. In the HT~N~ model, the (*i*+2)‐th and (*i*+3)‐th Ala residues were both deleted from the ST model and capped by methyl groups, as shown in the Supporting Information Figure [S5A](#jcc25859-supitem-0001){ref-type="supplementary-material"}. In the HT~C~ model, the (*i*+1)‐th and (*i*+2)‐th Ala residues were both deleted, as shown in the Supporting Information Figure [S5B](#jcc25859-supitem-0001){ref-type="supplementary-material"}. Namely, the carbonyl group of the (*i*+1)‐th residue is included in the HT~N~ model, and the amide group of the (*i*+3)‐th residue is included in the HT~C~ model. Consequently, the H‐bond energies for the HT~N~ and HT~C~ models were located in the middle between the corresponding ST and MH models, as shown in Figure [6](#jcc25859-fig-0006){ref-type="fig"} by the filled and open triangles, respectively. The actual energy values are summarized in the Supporting Information Table [S3](#jcc25859-supitem-0001){ref-type="supplementary-material"}.

![H‐bond energies in the HT~N~ (N‐terminal half‐turn) model (filled triangle‐up), the HT~C~ (C‐terminal half‐turn) model (open triangle‐up) with those in the ST model (filled circle), AH model (filled star) for the 8‐1 to 8‐6 structures, H‐bond energies in AP~N~ (N‐terminal additional peptide) model (filled triangle‐down) for the 8‐2 to 8‐6 structures, and those in the AP~C~ (N‐terminal additional peptide) model (open triangledown) for the 8‐1 to 8‐5 structures. The numbers show the location, *i*, of the H‐bond from 1 to 6. The dashed line is a diagonal guideline.](JCC-40-2043-g006){#jcc25859-fig-0006}

A careful investigation of the H‐bond energies of the AH and ST models in the Supporting Information Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"} and Figure [6](#jcc25859-fig-0006){ref-type="fig"} revealed that the H‐bond energies in the AH models are always slightly weaker than those in the ST models, except for the N‐termini or C‐termini. These effects can be caused by the successive carbonyl group of the (*i*--1)‐th residue and the amide group of the (*i*+5)‐th residue, in a similar manner to the effects of the successive carbonyl group of the (*i*+1)‐th residue and the amide group of the (*i*+3)‐th residue in the opposite directions. In fact, the distances between the oxygen atoms in the C=O groups of the (*i*--1)‐th and *i*‐th residues in the five H‐bond pairs are 3.506±0.037 (Å), and those between the hydrogen atoms in the NH groups of the (*i*+4)‐th and (*i*+5)‐th residues are 2.714±0.038 (Å), as shown in the Supporting Information Table [S2B](#jcc25859-supitem-0001){ref-type="supplementary-material"}.

Two additional models, the AP~N~ (N‐terminal additional peptide) and AP~C~ (C‐terminal additional peptide) models, were also considered, where an Ace‐Ala group and an Ala‐Nme group were added to the N‐ and C‐terminus of the MH model, respectively (Supporting Information Figs. [S5C and S5D](#jcc25859-supitem-0001){ref-type="supplementary-material"}). The AP~N~ model has an interaction between the successive C=O groups at the (*i*--1)‐th and *i*‐th residues, and the AP~C~ model has another interaction between the successive NH groups at the (*i*+4)‐th and (*i*+5)‐th residues. Their H‐bond energies computed by the MTA method are shown in Figure [6](#jcc25859-fig-0006){ref-type="fig"} and in the Supporting Information Table [S3](#jcc25859-supitem-0001){ref-type="supplementary-material"}. Both of them have the middle H‐bond energies between the corresponding ST and MH models, suggesting another depolarization effect.

These phenomena were also analyzed with the local electric dipole *μ* ^*i*^ ~CO~ at the *i*‐th residue in the AP~N~ model, and *μ* ^*i*+4^ ~HN~ at the (*i*+4)‐th residue in the AP~C~ model. Consequently, the ratio of *μ* ^*i*^ ~CO~ in the AP~N~ model to that in the MH model was 0.9710.004, and the ratio of *μ* ^*i*+4^ ~HN~ in the AP~C~ model to that in the MH model was 0.9770.001, when the H‐bonds were not formed between the C=O group of the *i*‐th residue and the NH group of the (*i*+4)‐th residue (Table [2](#jcc25859-tbl-0002){ref-type="table"}B). When H‐bonds were formed between the C=O group of the *i*‐th residue and the NH group of the (*i*+4)‐th residue, the ratio of *μ* ^*i*^ ~CO~ in the AP~N~ model to that in the MH model was 0.90.004, and the ratio of *μ* ^*i*+4^ ~HN~ in the AP~C~ model to that in the MH model was 0.9850.001 (Table [2](#jcc25859-tbl-0002){ref-type="table"}A). These dipole moments were both also reduced by about 2--3%, and their contributions to the total H‐bond energies are smaller than those of *μ* ^*i*+1^ ~CO~ or *μ* ^*i*+3^ ~HN~.

As shown in Figure [6](#jcc25859-fig-0006){ref-type="fig"} and in the Supporting Information Table [S3](#jcc25859-supitem-0001){ref-type="supplementary-material"}, the H‐bond energies due to the surrounding carbonyl groups around the *i*‐th residue and those of the amide group around the (*i* + 4)‐th residue were not additive. Namely, the simple summations of the energy differences of the H‐bond energies between the HT~N~ and MH models and between the HT~C~ and MH models are always larger than the direct differences between the ST and MH models. Similarly, simple summations of the differences in the H‐bond energies between the AP~N~ and MH models and between the AP~C~ and MH models could also overestimate the differences between the AH and ST models. Thus, they should be considered as nonadditive many‐body effects.

Finally, the putative effects of the helical dipoles at the backbone peptide planes that are far from the target H‐bond locations were also investigated. Although the neighboring peptide dipoles at the (*i*--1)‐th and (*i*+5)‐th residues slightly contributed to the H‐bond energy of the unit α‐helix from the *i*‐th to (*i*+4)‐th residues, as discussed earlier, there was no significant dependence of the H‐bond energies on the helix length, as shown in Figure [4](#jcc25859-fig-0004){ref-type="fig"} and in the Supporting Information Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"}. The farther helical dipoles do not seem to affect the electronic structures of the H‐bond donors and acceptors, although they contribute to the cooperative nature of the α‐helix formation.[24](#jcc25859-bib-0024){ref-type="ref"}

Thus, we can conclude that the H‐bond energies of the α‐helix, as in the AH and ST models, are generally weaker than those of the separated H‐bonds, as in the MH model, due to the depolarized electronic structures around the carbonyl oxygen of the *i*‐th residue and the amide hydrogen of the (*i*+4)‐th residue. Such depolarizations redistribute the electron density and are caused by the local electronic interactions in their neighborhood inside the α‐helical structure. Similar H‐bond energy changes depending on the peptide backbone structures were also found in the antiparallel β‐sheet models in our previous paper[14](#jcc25859-bib-0014){ref-type="ref"} and others.[28](#jcc25859-bib-0028){ref-type="ref"}, [29](#jcc25859-bib-0029){ref-type="ref"} When the SEs were computed, the odd‐numbered β‐sheet models had weaker SEs by forming smaller hydrogen bond ring structures, and the even‐numbered β‐sheet models had stronger SEs by forming larger hydrogen bond ring structures.[14](#jcc25859-bib-0014){ref-type="ref"}

Toward improvement of the H‐bond energy by the classical force field {#jcc25859-sec-0012}
--------------------------------------------------------------------

The current analysis of the depolarization of the electronic structure at the carbonyl group of the *i*‐th residue and the amide group of the (*i*+4)‐th residue in an α‐helix revealed the chemical origin of the incompleteness of any force‐field parameters in MM computations for H‐bond energies. Thus, we have the opportunity to overcome this problem by improving the force‐field parameters to obtain more realistic H‐bond energies.

In order to reproduce the actual H‐bond energies by an MM computation, there are two putative ways to improve the force fields, by modifying either the atomic partial charges or the backbone dihedral parameters.

The first approach that introduced new atomic partial charges, which are not constant but depend on the local molecular structures, is promising. Since the introduction of the classical MM computations and MD simulations, the constant atomic partial charges for backbone atoms have been widely used independently of the protein conformations, although the atomic charges greatly depend on the backbone structure. Numerous efforts have sought to develop force fields, in which the polarization effects are included depending on the local electrostatic field.[12](#jcc25859-bib-0012){ref-type="ref"}, [13](#jcc25859-bib-0013){ref-type="ref"} However, there were no systematic approaches to develop the atomic partial charges of the backbone atoms, which depend on the local backbone structures of peptides and proteins.

In the second approach to create new backbone dihedral parameters, they should depend not only on a single backbone parameter set (*ϕ* ~*i*~, *ψ* ~*i*~, *ω* ~*i*~) of the single *i*‐th residue but also on the (*ϕ* ~*i*--1~, *ψ* ~*i*--1~, *ω* ~*i*--1~) and (*ϕ* ~*i*+1~, *ψ* ~*i*+1~, *ω* ~*i*+1~) values of the neighboring residues. So far, almost all of the dihedral parameters have been computed based on di‐peptides, such as Ace‐Ala‐Nme, and thus they have ignored the changes in the electronic structures depending on the neighboring backbone structures.

Neither of the above approaches is simple, because the classical force field artificially separates the whole peptide energy to individual energy terms, such as electrostatic energy and dihedral angle terms, which in principle strongly correlate with each other. Therefore, the balance between the many force‐field parameters is essential, when trying to improve the H‐bond energy in an α‐helix by a classical MM computation, based on the depolarizing phenomenon found in this study.

Conclusions {#jcc25859-sec-0013}
===========

The H‐bond interaction energies and the associated electron density changes in the α‐helical structures were systematically analyzed by the MTA method,[16](#jcc25859-bib-0016){ref-type="ref"} with high‐quality DFT and MM computations. MTA with the DFT computation is a powerful method to estimate the H‐bond interaction energy in a large system, in which the H‐bond donors and acceptors are linked to many other atoms with covalent bonds. The H‐bond interaction energy in an α‐helix depends strongly on the local backbone conformation, and the tendencies are well reproduced even by the classical MM model, based on the AMBER ff99SB force‐field parameters.[15](#jcc25859-bib-0015){ref-type="ref"}

We first prepared the α‐helical peptide models (AH models) by energy minimized Ace‐(Ala)~*n*~‐Nme α‐helical structures, where *n* ranged from 3 to 8. In order to quantitatively dissect the origin of the H‐bond interaction energy of the α‐helix, we constructed the minimal H‐bond model (MH model), which is composed of only the atoms forming a single H‐bond, and a single‐turn model (ST model), which is composed of three successive alanine residues, (Ala)~3~, in the α‐helix capped by acetyl and *N*‐methyl groups at the N‐ and C‐termini, respectively. The individual H‐bond energies were computed by using MTA with the DFT method. We found that the H‐bond energies of the AH and ST models were always significantly weaker than those of the MH model. Interestingly, the H‐bond energy values of the MH model were similar to those of the MM model. The H‐bond energies of the AH model were only slightly weaker than those of the ST model.

Our current Hirshfeld population analysis for the Ace‐(Ala)~8~‐Nme model structures suggested that due to the closely located electric dipole of the carbonyl (C=O) group at the (*i*+1)‐th residue, *μ* ^*i*+1^ ~CO~, to *μ* ^*i*^ ~CO~ at the *i*‐th residue in the parallel direction in an α‐helix, the dipole moments should decrease by depolarization. Similarly, due to the closely located dipole of the amide (NH) group at the (*i*+3)‐th residue, *μ* ^*i*+3^ ~HN~, to *μ* ^*i*+4^ ~HN~ at the (*i*+4)‐th residue in the parallel direction, the dipole moments should also decrease. Thus, the local dipole moments, *μ* ^*i*^ ~CO~ and *μ* ^*i*+4^ ~HN~, were reduced by about 5--6% to 5--8%, respectively. Moreover, the contributions from another neighboring C=O group at the (*i*--1)‐th residue, *μ* ^*i*--1^ ~CO~, and the NH group at the (*i*+5)‐th residue, *μ* ^*i+5*^, were also analyzed. Their local dipole moments were both reduced by about 2--3%.

So far, the MTA method has only been used to approximate the local energies in large systems.[16](#jcc25859-bib-0016){ref-type="ref"} Here, we have shown that the local electronic structures are also provided in the details of the MTA method, and that the distributions of electron densities and their changes upon H‐bond formation in the α‐helix are useful to reveal the chemical origins of the H‐bond interaction energies.

Since the classical MM computations and MD simulations started to be employed many years ago, the constant atomic partial charges independent of the protein conformations have been widely used, although the atomic polarization effects were sometimes included depending on the local electrostatic field.[12](#jcc25859-bib-0012){ref-type="ref"}, [13](#jcc25859-bib-0013){ref-type="ref"}, [30](#jcc25859-bib-0030){ref-type="ref"}, [31](#jcc25859-bib-0031){ref-type="ref"} However, the electronic structures can change depending on the local structures and the environments of peptides and proteins. Recent QM/MM and QM/MD simulations could overcome these issues at some local and focused areas,[32](#jcc25859-bib-0032){ref-type="ref"}, [33](#jcc25859-bib-0033){ref-type="ref"}, [34](#jcc25859-bib-0034){ref-type="ref"} but they are not applicable to entire macromolecular systems, which include many α‐helices. Thus, the H‐bond energy values in MM computations should be improved by introducing new atomic partial charges or better backbone dihedral parameters, which should depend on the local peptide backbone structures. Newer and better force fields than the current ones are required for more reliable molecular simulations, particularly for better understanding of intrinsically disordered regions in proteins, which are abundant and important in many biological systems.[4](#jcc25859-bib-0004){ref-type="ref"}, [5](#jcc25859-bib-0005){ref-type="ref"}, [35](#jcc25859-bib-0035){ref-type="ref"}, [36](#jcc25859-bib-0036){ref-type="ref"}

Supporting information
======================

###### 

**Table S1:** Hydrogen bond (H‐bond) energies in α‐helices for AH (α‐helical structure) model, ST (single turn) model, and MH (minimal H‐bond) model by the MTA method and those by the MM computation with AMBER ff99SB force field parameters. The stabilization energies, Δ*E* ~SE~ ^total^, defined by eq. [4](#jcc25859-disp-0004){ref-type="disp-formula"} are also listed. The energy minimized α‐helix structures were constructed following the procedure mentioned in the Method section.

**Table S2:** Hirshfeld atomic charges of the carbonyl group (C=O) of *i*‐th residue and those of the amide group (NH) of (*i*+4)‐th residue in ST, AP~N~, AP~C~ and MH models, for *G* ~0~, *G* ~1~ and *G* ~2~ fragments (see Fig. [2](#jcc25859-fig-0002){ref-type="fig"}), respectively. The differences are also shown. The optimized six α‐helix structures were constructed following the procedure mentioned in the Method section.

**Table S3:** H‐bond energies in α‐helices for HT~N~, HT~C~, AP~N~, and AP~C~ models computed by the MTA method with DFT.

**Table S4:** H‐bond energies in α‐helices for AH model in water (*ε* = 78.3553) with Polarizable Continuum Model (PCM). The α‐helix structures are the same as those in Table [S1](#jcc25859-supitem-0001){ref-type="supplementary-material"}.

**Figure S1:** Fragment structures and their energies shown in the parentheses (kcal/mol) used in the current MTA method for Ace‐(Ala)~3~‐Nme: (A) model *F* ~1~ (−822.4756), (B) *F* ~2~ (−822.4808), (C) *F* ~3~ (−822.4831), (D) *F* ~4~ (−822.4831), (E) *F* ~12~ (−655.0602), (F) *F* ~13~ (−655.0649), (G) *F* ~14~ (−655.0679), (H) *F* ~23~ (−655.0669), (I) *F* ~24~ (−655.0714), (J) *F* ~34~ (−655.0670), (K) *F* ~123~ (−487.6508), (L) *F* ~124~ (−487.6559), (M) *F* ~134~ (−487.6568), (N) *F* ~234~ (−487.6562), (O) *F* ~1234~ (−320.2462). Those energies were used in eq. [1](#jcc25859-disp-0001){ref-type="disp-formula"} to compute the total MTA energy. The thin green lines are the original Ace‐(Ala)~3~‐Nme.

**Figure S2:** Electron density change upon H‐bond formation Δ*ρ* ~MTA~ given by eq. [3](#jcc25859-disp-0003){ref-type="disp-formula"} in AH models for structures of (A) 8--2, (B) 8--3, (C) 8--4, (D) 8--5, and (E) 8--6. Yellow surface is the contour surface at −0.001 au, and magenta one is that at 0.001 au. The atoms in MH models are shown by thick stick model and the other atoms in ST models are shown by thin green lines. Each black dotted line is the H‐bond between the oxygen atom of C=O group at *i*‐th residue and the hydrogen atom of N‐H group at (*i*+4)‐th residue.

**Figure S3:** Difference in the electron density change upon H‐bond formation between AH and MH models ΔΔ*ρ* ~μτα~ ^αη‐μη^ by eq. [7](#jcc25859-disp-0007){ref-type="disp-formula"} for structures of (A) 8--2, (B) 8--3, (C) 8--4, (D) 8--5, and (E) 8--6. Green surfaces are the contour surfaces at −0.0002 au, and orange ones are those at 0.0002 au. The atoms in MH models are shown by thick sticks, and other atoms in ST models are by thin green lines. The black dotted lines are the H‐bonds between the oxygen atoms of C=O groups at *i*‐th residues and the hydrogen atoms of N‐H groups at (*i*+4)‐th residues.

**Figure S4:** Difference in the electron density change upon H‐bond formation between ST and MH models ΔΔ*ρ* ~μτα~ ^ST--MH^ by eq. [7](#jcc25859-disp-0007){ref-type="disp-formula"} for structures of (A) 8--2, (B) 8--3, (C) 8--4, (D) 8--5, and (E) 8--6. Green surfaces are the contour surfaces at −0.0002 au, and orange ones are those at 0.0002 au. The atoms in MH models are shown by thick sticks, and other atoms in ST models are by thin green lines. The black dotted lines are the H‐bonds between the oxygen atoms of C=O groups at *i*‐th residues and the hydrogen atoms of N‐H groups at (*i*+4)‐th residues.

**Figure S5:** (A) HT~N~ (N‐terminal Half‐Turn) model, and (B) HT~C~ (C‐terminal Half‐Turn) model. The N‐terminus of HT~N~ model and the C‐terminus of HT~C~ model are both Ace‐Ala‐Nme, instead of the minimal Ace‐Nme groups. Thus, HT~N~ model has an interaction between the successive C=O groups at *i*‐th and (*i*+1)‐th residues indicated by a magenta dotted line in (A), and HT~C~ model has another interaction between the successive NH groups at (*i*+3)‐th and (*i*+4)‐th residues indicated by an orange dotted line in (B). The target H‐bonds between C=O groups at *i*‐th residue and NH groups at (*i*+4)‐th residues are indicated by purple dotted lines. The thin green lines are the original ST model, Ace‐(Ala)~3~‐Nme. (C) AP~N~ (N‐terminal Additional‐Peptide) model, and (D) AP~C~ (C‐terminal Additional‐Peptide) model. Ace‐Ala group and Ala‐Nme group are added at the N‐terminus of AP~N~ model and the C‐terminus of AP~C~ model, respectively. Thus, AP~N~ model has an interaction between the successive C=O groups at (*i*--1)‐th and *i*‐th residues indicated by a magenta dotted line in (C), and AP~C~ model has another interaction between the successive NH groups at (*i*+4)‐th and (*i*+5)‐th residues indicated by an orange dotted line in (D). The target H‐bonds between C=O groups at *i*‐th residue and NH groups at (*i*+4)‐th residues are indicated by purple dotted lines. The thin green lines are the original ST model, Ace‐(Ala)~3~‐Nme.

**Figure S6:** Correlation of the H‐bond energies of AH model in water (ε = 78.3553) with Polarizable Continuum Model (PCM) (cross symbol) against those by MH model. For comparison, the correlation of the H‐bond energies of AH model *in vacuo* in Figure [4](#jcc25859-fig-0004){ref-type="fig"} is also shown by filled star. The dashed line shows a guide where the longitudinal axis values have the same H‐bond energies by MH models.
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